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Executive Summary 

The Rocky Flats Environmental Technology Site (RFETS or Slte) located 16 miles 
northwest of Denver Colorado encompassing approximately 6 500 acres is owned by 
the Department of Energy (DOE) and is operated by Kaiser Hill Company L L C 
(Kaiser Hill) Before its current closure mission RFETS was part of the nation wide 
nuclear weapons research development and production comptex The Site contains a 
central Industrial Area (IA) surrounded by a Buffer Zone (BZ) The Site is currently 
undergoing aggressive cleanup with a goal for dosure by the end of 2005 

As part of developing a detailed design basis for closure a&vities RFETS IS conducting 
a Site wide water balance (SWWB) The pnmary objecttve of the SWWB is to provide 
RFETS with a management tool to evaluate how the Site-wide hydrology is likely to 
change from current to final Site configuration 

An integrated model will be used to achieve this An integrated hydrologic model is one 
that couples and simultaneously simulates all the pnncipal components of the hydrologic 
regime including snowmelt overland flow channelized flow unsaturated zone flow 
saturated groundwater flow and their interaction As speafied m the SWWB Statement 
of Work (Kaiser Hill 1999) selection of the code shall be initiated after approval of the 
Work Plan (Work Plan) Kaiser Hill formally approved the final Work Plan (Kaiser Hill 
2000) on August 28 2000 

The main body of this report documents the selecbon of the appropnate code for use in 
the integrated hydrologic model' that will be used for the SWWB The last part of this 
report descnbes how the effects of final Site configurabon on the SWWB will be 
simulated in five modeling scenarios 

In this report model refers to the mathematical model that provides a slrnplfied representabon 
of the field situation while code refers to the program or set of commands that IS used to solve 
the model A model is Site and ObjectIVe-SpeCIfk whereas a code is generlc and can be applied 
to many Sites and problems 

1 
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General consideratrons 
Commercially available 

Project objectives 

Data quality and quantrty 

Conceptual model 

Project constraints 

Applicable standards 
Graphical Interface 

L 

Code seledon considerabong 

Significance for selected code 
Code should be available for purchase by 
anyone who wants to run the model 
Requires high resolution predicbve accuracy 
and ability to work at various scales 
Both are high not a limltatron on code 
selection 
Site hydrology is very variable and complex 
requiring a sophwcated code 
Project schedule requires a flexlble and 
effiuent code 
Not a code selection limitation 
Abillty to be interfaced-wlth GIS and graphical 

A systematrc approach was followed in selectrng the appropnate model code for use in 
the S W B  The general consideratrons for selecting the SWWB code(s) were defined 

I I tools I 

Code identification 

The available model codes potentrally applicable to the project were reviewed Only 
commercially available integrated deterministrc distnbuted physically based well 
coupled contrnuous codes were considered The physically based code flow equatmns 
to be solved include the following (1) one-dimensional Saint tenant flow equations for 
surface flow processes contrnuity equatron and momentum equations (consenrative 
and non conservative forms) (2) two-dimensional diffusive wave for surface flow (3) 
three-dimensional Boussinesq equation for saturated groundwater flow and (4) one- 
dimensional Richards equatron for unsaturated vehcal infiltration 

These equatrons are required based on the processes occurring at the Site that affect 
the water balance 

SDectfic code selection mteria 

Specific code selectron mtena were determined based on the general considerations 
and the available model code types The 14 speufic code selecbon cntena were 
weighted as follows 

b 

ES 2 
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No 
1 
2 

Specific mtenon Weighting 
Level of sophlsticabon (physical & mathematical) 
Spatralhemporal gnd resolmon capablties 5 

10 

13 I Spatialhemporal parameterhanable inputloutput capabilities I 5 
4 
5 
6 

GIS capabilities pre/post processing 5 
Boundary condrtrons (types flexibility) 5 
Documentation (current complete, accurate, understandable) 4 

Based on these cntena a wide vanety of information sources were used to identify 
available distributed integrated hydrologic d e s  Nine codes were evaluated and 
compared against the above 14 critena using a weighted ranking system The evaluated 
d e s  ranked as follows 

Authors 

Bntish Institute of 
Hydrology Danish 
Hydraulic Institute 
and SOGREAH 
(France) 
US EPA 

I Acronym 
Full name Rank 

MIKE SHE 49 

Storm Water Management 36 

I 

TOPOG CSIRO Australia 
D namic l e  

- 
Model 
TOPOG Dynamic 35 

jPRMS 
USDA 

USGS 

US EPA 
USDA F SWRRB 

Soil and Water Assessment 33 
TOO1 
Preapitatron Runoff Modeling 29 
System (New code IS MAAS) 
Hydrologic Simulation Program 27 
Simulator for Water Resources 24 

(rvloDBRA” 
DOE - Pacific 
Northwest Lab 
USGS 

in Rural Basins 
Distributed Hydrology 23 
Vegetation Model 
MODBRANCH 20 

7 
55% 
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Code selection 

Finally based on this evaluation the MIKE SHE code was selected as the model code 
to be used to develop the SWWB model MIKE SHE was developed by the Bntish 
Institute of Hydrology the Danish Hydraulic Institute Water and Environment (DHly and 
the French consulting company SOGREAH3 The code is named after Michael B 
Abbott the principal author of the code and the Systdme Hydrologique Europbn (SHE) 
(Abbott et a1 1986) (European Hydrologic System) 

MIKE SHE represents each of the three main hydrologic processes and their dynamic 
interaction (surface flow unsaturated zone flow and groundwater flow) as well or better 
than all other codes reviewed and overall meets model-speafic cntena best MIKE 
SHE possesses distinct advantages over other codes based on the complexlty of the 
governing physical equations which can however be simplified as justrfied for each 
hydrologic process so that the overall computational effiuency of the integrated 
hydrologic model can be optimized It utrlizes spatial and temporal data easily and is 
capable of providing a variety of output types It also has several other advantages over 
other codes reviewed Most notable are its Geographical information System (GIs) 
interface capabilities technical support (and access to code developers) 
documentatton and flexibility in defining boundary conditions and grid resolutions 

Five land confiauration scenanoe 

Five land configuration Scenarios are planned to be simulated after model calibration 
(which as descnbed in the Work Plan descrtbes matching the behavior of the Site 
hydrologic system under current conditions) Current conditions will be the basis of 
companson for the scenanos The SWWB plans to model five future scenanos 
designed to simulate the major changes between current and future condibons in a 
logical progression This way the individual effects of speclfic changes can be evaluated 
alone and in combination The five land configuration scenanos are 

Scenano 0 - discontinue imported water 
Scenano 1 - Scenano 0 plus no building or pavement 
Scenario 2 - Scenano 1 plus plugging pipes 
Scenario 3 - Scenano 2 plus effect of cover and 
Scenano 4 - Scenano 3 plus optimal Industrial Area (IA) configuratm and 
covers 

Scenarios 0 through 4 will be simulated under a range of climat~c condhons (including 
extreme dry extreme wet and average conditions) which will be vaned for both mbal 

The code IS distributed in the US by DHI Water and Environment Inc Eight Neshaminy 

See www soaelera soareah fr 
lnterplex Suite 21 9 Trevose PA 19053 
3 
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(antecedent) condihons and boundary (event) conditions to create &vera1 combinations 
Each scenano will be subject to an uncertainty analysis (varying the most sensitwe 
parameters through a reasonable range) for the reference year climat~c simulation to 
determine a probabilistic range of predicted results In conjunctron with the dimate 
scenanos the uncertainty analysis will provide a large combination of probability based 
results for each scenano 

I 
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a 

1 0 Introduction 
1 1 Background and model purpose 

The RFETS located 16 miles northwest of Denver Colorado encompassing 
approximately 6 500 acres is owned by the DOE and is operated by Kaiser Hill Before 
its current closure mission RFETS was part of the nabon wide nudear weapons 
research development and productton complex The Site contains a central IA 
surrounded by a BZ The Site is currently undergoing aggressive deanup with a goal for 
Site closure by the end of 2005 

As part of developing a detailed design basis for closure activhes RFETS is conducting 
a SWWB The pnrnary objective of the SWWB IS to provide RFETS wrth a management 
tool to evaluate how the Site-wide hydrology is likely to change as a result of changing 
the current Site configuration to the final Site configurabon SWWB results may serve to 
provide information for final IA configuratton to protect surface water quality (e g 
excavation backfill cover design and land recontounng) and support preparation of the 
comprehensive risk assessment and RFETS Corrective Action Deaslon/Record of 
Deusion 

Ultrmately this tool may also be applied as part of future RFETS projects such as 
predicbon of surface water impacts from groundwater for presents and final Site 
configuration and provision of information to support the final configurattons of the 
Walnut Creek and Woman Creek drainages 

I 2 Code selection 

The main body of this report documents the selection of the appropnate code for use in 
the integrated hydrologic model that will be used for the SWWB There is a very 
important distrnction between the terms code and model In this report, model 
refers to the mathematical model that provides a simplified representabon of the specific 
field situation while code refers to a genenc program or set of commands that is used 
to solve the governing equattons representing the physical processes A model is slte 
and Objecttve-SpeCifiC whereas a code is genenc and can be applied to many stes and 
problems 

An integrated hydrologic model is one that couples and simultaneously simulates all 
the pnncipal components of the hydrologic regime including (1) preupitabon (2) 
snowmelt (3) overland flow (4) channelized flow (5) unsaturated zone flow (6) 
groundwater flow and (7) their interaction Histoncally and in current practice 
individual processes are modeled using single process codes Such codes have been 
widely used and extensively tested and may be considered venfied However these 
codes are limited to only one component of a hydrologic system and other components 
are lumped simplified or ignored One example would be saturated zone flow which is 
represented using groundwater codes (e g MODFLOW) More complex codes couple 
two processes such as unsaturated and saturated zone flow There are only a few such 
coupled codes and they are less venfied than singleprocess codes Full integratton of 
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all important hydrologic processes has been venfied to a lesser extent than has been 
achieved for individual process codes However integrated codes offer the greatest 
benefit for simulating and linkmg all the components of a normal hydrologic system in a 
dynamic manner 

As specified in the SWWB Statement of Work (Kaiser Hill 1999) selection of the code 
shall be initiated after approval of the Work Plan Kaiser Hill formally approved the final 
Work Plan (Kaiser Hill 2000) on August 28 2000 

Although the Work Plan was not developed assuming a speufic model the plan does 
assume that an integrated physically based distnbuted parameter model would best 
simulate the hydrologic system at RFETS Further the selectron process descnbed here 
does not presume selectton of one stand alone integrated model but considers both 
integrated and coupled physical process d e s  

This report descnbes the model d e  selectron process Review of the literature 
revealed no published standard protocol for selection of an integrated hydrologic 
numerical model code Therefore a Sitespecific protocol which is desmbed in this 
report was developed for the SWWB project based on the project Objectives data 
review and conceptual model desmbed in the Work Plan The minimum criterion for 
code selection is the capability to achieve the project objectives Code selechon IS also 
constrained by several other important and relevant factors desmbed in the following 
sedons A discussion of the code seledon cntena is presented in Section 2 0 Various 
codes are identified and bnefly discussed with respect to their capabilities in Sectmn 3 0 
and evaluated compared and ranked based on code-speufic cntena in Sedon 4 0 

Within the scope of the SWWB project detailed hands-on companson of each code is 
not feasible as each code and its documentation are usually substantmi In most cases 
the code documentabon or literature references descnbing the codes applicability were 
relied upon to determine capabilitres and/or performance However recognizing the 
possibility for exaggeratran of product capabilibes in marketing matenals efforts were 
made in the code selecbon process to closely review documentabon for the processes 
most important and relevant to the RFETS hydrologic system 

Simulating the integrated dynamics of the hydrologic system at RFETS is a complex task 
and requires an equally sophistrcated code The selection process sought to idenm the 
best available code based on its overall ability to meet all speufied mtena well 
Therefore while a rejected code may meet one specific cntenon better than the final 
selected code the process was aimed at identifying the code that had the best overall 
balance of strengths Based on this ranking the selected code is discussed in more 
detail in Appendix A 

1 3 Five land configuration scenanos 

The last part of this report describes how the final Site configurabon will be simulated in 
five land configuration scenanos Details of the Scenanos will be coordinated wrth 
the RFETS Environmental Restoration Program 

1 2  
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1 4 Project expectations and model capabilities 

Although the planned model and the selected code are both sophisticated and have 
potential for a number of applications at the RFETS the current project is not unlimited 
in scope Therefore the expectations regarding anticipated results should be similarly 
constrained speclfically (1) the current scope implies a regional scale model and (2) 
the five future scenarios to be evaluated are limited to speufic closure opt~ons 

The proposed model IS regional in scale comprising parts of two upland stream 
catchments Therefore the gnd size for computational efficiency will be large 
approxlmately 200 feet. As a result, fine-resolution details of Site condittons will not 
necessarily be represented exactly Features such as ground cover boundanes and 
road and building placement will be modified in the model to match the gnd spacing 
Within a grid cell features at a smaller scale such as individual drain locations will be 
approximated or averaged This is not a limitation of the d e  the selected code has 
the capability to telescope into a local area using boundary cond&ons established using 
the Site wide model but detailed local refinement of the model is not part of this regional 
study However the databases for the current study have been set up so as to facilitate 
telescoping at a later stage if this is required For example the geologic model has been 
set up on 10-foot gnd spacing 

Capabilities and limitations of the SWWB model developed based on the MIKE SHE 
code are discussed in this section The MIKE SHE code was selected as the best 
available tool for meeting SWWB objectives because of its specific capabilities 
However certain assumptions used in the MIKE SHE code as in all codes may limit the 
model s ability to accurately simulate speafic hydrologic conditions in the RFETS S W B  
model boundary In addition certain fundamental assumptions made in developing the 
SWWB model like spatial and temporal discretmtions can also limit the model s ability 
to simulate some aspects of the system flow with a high level of accuracy Although the 
SWWB model is expected to simulate the larger scale hydrobgy of the system it may 
not simulate more localized features The more significant assumptions capabilities 
and limitations of both the MIKE SHE code and SWWB model are presented below to 
prevent potential confusion on its capabilities applicability and limltations 

1 4 I SWWB model capabilities and Iimitabons 

The pnmary purpose of the SWWB model is to use it as a management tool for 
evaluation of the Site-wide integrated hydrology under different nib1 and boundary 
conditions The current hydrological conceptual flow model for the system indicates that 
subsurface flow IS strongly affected by surface processes (I e precrprtatm 
evapotranspiration and surface flow) but it can also affect surface flow processes 
(seeps and gaining reaches of streams) The SWWB model should sirnulate the Site- 
wide dynamic behavior of this interamon reasonably well because it indudes all of the 
important flow processes and accounts for spatial distnbutions of parameters and ttme- 
varying boundary conditions A considerable amount of data exists that will support both 
the model parametenzation and development of appropnate boundary conditions 

Significant SWWB model assumptions and their implications are summarized below 

1 3  
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Gnd resolutton for the Site-wide model is antrupated to be 200 feet by 200 
feet This is a compromise between simulating the Si tmde dynamics and 
mass balance reasonably well and preventing large simulation times 
Several implicattons of this assumpbon are summanzed below 

o In general flow associated with system components less than about 200 
feet will not be accurately simulated (e g flow in on or around individual 
trenches pipelines building basements or roofs and surface culverts) 
The average hydrologic effects of these features however will be 
accounted for within each gnd cell 

o Flows assouated with the Denver Water Board inflow and dstnbmon will 
not be expliatly simulated The combined effects of leakage from all 
water supply lines within each model gnd will be accounted for so that 
the effects of turning it off in future scenanos can be evaluated The 
amount of leakage from water supply lines will be based in direct 
proportion to the pipe density occurring in each grid cell and on the 
observed system response 

o Flows in sanitary sewer lines will not be expliatly simulated in the model 
The combined effects of groundwater inflow into sewers will be induded 
in the model based on the density of pipeline and observed system 
response occurnng in each gnd cell and 

o Surface flows in the more important channelized surface drainage 
features within both the IA and BZ will be modeled more accurately on a 
comparative basis Surface flows are not constrained by the same 200- 
foot gnd cell that governs subsurface and overland flow 

0 Vertical resolution of the saturated zone will be constrained to four layers to 
account for important hydrologic features and to reduce computational 
ineffiuenaes The assumpbon that vertical flow within each layer is unlform 
is reasonable based on review of current Site data Some areas however 
may exhibit more complex hydmtrattgraphy These features will be 
effedvely averaged over a single layer 

0 The verhcal resolution of the unsaturated zone will be hlgher than the 
saturated zone mainly for numencal stability and accuracy The unsaturated 
zone material will be assumed homogenous over most of the model area 
Review of Site data generally supports this assumption though some areas 
may experience perched groundwater conditions that only occur where 
underlying material has a lower hydraulic conductwity The model will be 
able to simulate isolated saturated conditions in the unsaturated zone but will 
not be able to simulate lateral flow in such perched conditions because of the 
code assumption that only onedimensional verbcal Row occurs in the 
unsaturated zone 

0 To capture the surface flow dynamics associated with the short duration but 
high intensity precipitatton events common in semi-and western 
environments the finest model ttme step will be 15 minutes Climatic data 
and surface flow response data are available every 15 rmnutes 

1-4 
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The prectpitation and potenbal evapotranspirabon (PET) will be simulated as 
boundary condhons They will be spattally distnbuted over the model domain 
in zones based on available climatrc data (nine preapitatron statrons one met 
tower five Colorado Department of Public Health and the Environment 
[CDPHE] wind and temperature statrons) and observed trends Snowmelt 
will be accounted for in the model and will be controlled by the spatial and 
temporal distnbubon of temperature and PET in the model area PET wll be 
distnbuted spatially and temporally Based on several factors including (1) 
the temporal vanation in wind and relattve humidity and (2) the temporal and 
(3) spabal distnbuQon of temperature and solar radiabon The distnbution of 
topographic slope and aspect over the model area will be used to determine 
the inadent solar radiation at the surface 

The model will include watersheds in Woman and Walnut Creeks but not 
Rock Creek since this system is not hydraulically connected to the Woman 
and Walnut Creek flow systems 

1 4 2 MIKE SHE code capabilities and limitations 

The MIKE SHE code couples several parbal differenbal equations that describe flow in 
the saturated and unsaturated zones with overland and channel flow Different 
numerical solubon schemes are then used to solve the different partial dlfferentml 
equations for each process A solubon to the system of equattons assoaated with each 
process is found iterabvely by use of different numencal solvers 

Several assumpbons are associated with use of the speafic partial Merentral equations 
The significant assumpbons that have direct imphcabons to the application of the MIKE 
SHE code to the RFETS SWWB model include the following 

Unsaturated Zone The main assumpbon is that flow is onedimensional and vehcal 
In some cases (for example beneath ephemeral streams or near 
buildingdpaved areas or below trenches) flow in the unsaturated 
zone may actually have local areas wbere flow is hormntal 
causing this vertJcal flow assumption to be violated However It IS 
currently believed that these local areas will not significantly affect 
the interpretabon of Site-wide conditrons 

Other Unsaturated Other unsaturated zone processes not simulated in MIKE SHE 

Zone Processes include the following 

Hysteresis 

0 k r  entrapment 

Vaportransport and 

Freezing and thawing of soils 

1 5  
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Although locally these processes exert strong influences on 
unsaturated zone flow their effects will likely be much less 
pronounced on the site-wide model dynamics and mass balance 
than other factors (e g preupitation intensity and distnbuhon 
saturated hydraulic conduchvities and hydmtrabgraphic 
structure) 

Saturated Zone Properttes are uniform within a single gnd cell In reality porous 
media properties likely vary by orders of magnitude within each 
grid cell On average however these local scale vanations are 
not expected to control the site-wde flow dynamics or mass 
balance and it is reasonable to assume that properties can be 
averaged Comparisons of model strnulations wtth observed Site- 
mde data will help to confirm this assumption 

Overland Flow The kinemahc wave apprommation is used in MIKE SHE to 
simulate overland flow This simplificatron of the full Saint Venant 
flow equations does not permit detailed simulation of backwater 
effects however given the anbapated gnd resolubon of the Site- 
wide model the assumptron is reasonable Speafic hydrologrc 
processes like nll flow are not considered in this code but at the 
scale considered for application are not likely to be strong controls 
of flow 

1: 
f- a\: 
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2 0 Code selection criteria 
As shown in Figure 2 1 the factors considered for selecting the SWWB code@) include 

Commercially-available code 
Project objectives 
Data quality and quanttty 
Conceptual model 
Project constraints and 
Applicable standards 

Each of these factors is descnbed in more detail below 

2 1 Commercially-available code 

The selected model code should be capable of being tested and venfied by Kaiser Hill 
DOE stakeholders and other reviewing partres Therefore the code used should be 
one that is available for purchase by anyone who wants to run the model 

2 2 Project Objectives 

The project objecttves laid out in the Work Plan and its appended data quality objectwes 
(DQOs) define the most important factors to consider in the SWWB model code 
selection These objectives constrain the modeling effort by specifying the following 

0 General model boundary 

0 

0 Expected use of results 

0 Primary hydrologic components of concern 
Level of spatiaVtemporal resolution desired and 

The project objectives are the most significant constraint on model code selection The 
primary objective of the SWWB IS to provide RFETS with a management tool to evaluate 
how the Site wide hydrology particularly groundwater and surface water flow is likely to 
change from present to final Site configuratton ( present" indicates year 2000' Site 
configuration) under vanous climatic and closure scenanos SWWB results may also 
serve to provide informatton for final IA configuration to protect surface water quality 
(e g excavaQon backfill cover design and land recontounng) and support preparation 
of the comprehensive risk assessment and RFETS Corrective Adon DecisionRecord of 
Decision 

Year" refers to calendar year unless otherwise indicated 1 
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The primary objedves can be met through simulatton of current Site condittons to obtain 
a calibrated set of model parameters followed by simulatton of vanous final Site 
configurahons Results from the current and final simulahons will be compared to 
assess the overall change in condihons and idenhfy the implications of various changes 
to the RFETS parameters on the hydrologic flow system The vanability of these 
predichons due to uncertainttes in Site charactenzatton and other input data wiU be 
explicitly addressed through uncertainty analysis To meet this objecttve it is crtttcal that 
the selected code be sophisticated enough to simulate the complex dynamics of the 
entire Site hydrologic system 

Specific modeling scenarios of condihons between present and final closure will also be 
performed with the SWWB model These simulations will focus on the IA to evaluate the 
incremental effects of closure adons OR the hydrologic regime The ability of a model to 
telescope into a local area for further refinement maintaining consistency between 

model scales is a favorable attribute of the selected code - 
2 3 Data quality and quantity 

Reviewed data types are summanzed in the data matnx provided in the Work Plan 
Model input parameters and calibration target data types are summanzed in Tables 2 2 
and 2 3 of the Work Plan A considerable amount of relevant Site data is available 
providing an excellent spattal and temporal data distributton In partrcular 
meteorological records and surface water flow data are available across the RFETS 
model area at 15-minute intervals for at least one year (1 999) and groundwater levels 
are collected every four hours at a large number of monitonng wells As a result, data 
quality and quanhty allow most hydrologic model codes to be considered for performing 
the SWWB 

Review of these data by the Water Balance Worktng Group WBWG) indicates that, 
overall existing data (supplemented by addittonal data collected in 2000) are suffiaent 
for developing a SWWB model of the study area using an integrated model code While 
the quanttty and quality of the data are generally adequate lack of (or uncertainty in) 
data may cause greater uncertainties in the model predicttons of some areas with any 
model used For example subsurface sandstone lenses (paleochannels) that notably 
influence groundwater flow have been identified in some areas on-site Similar but 
unidentified sandstone lenses may exist in other areas within the model domain Such 
localized data limitations would result in similar prediction uncertainttes with any model 
code therefore these uncertainttes are not a factor in the code selectton 

2 4 Conceptual model 

The current conceptual hydrologic model of the Site is descnbed in detail in the Work 
Plan Some of the most important features of the conceptual model are summanzed 
below 

2 3  
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There has been a significant modificatmn of the natural hydrologic 
conditions in both the IA and BZ Modrfrcation in the IA is mainly due to 
changes in surface cover rerouting of overland flow subsurface 
construdon imported water and subsurface treatment systems while 
modification in the BZ is mainly due to construchon of channels and dams 
and rerouting of channel flows 

Annual precipitation IS generally low (semi arid) coupled with high 
evapotranspirabon dunng summer months 

Preapitation exhibits a hgh degree of spatial and temporal vanability and 
dunng winter months occurs as snowfall that can be redistributed by 
wind 

Most of the annual precipitation that is intercepted within RFETS is lost 
through direct evaporation at the surface or through evapotranspirabon 
via phreatophytes along streams or at spnngs on steeper slopes 

Lateral inflow and outflow of groundwater to RFETS are relatively small 
compared to direct recharge mainly from spnng preapitahon events 
when evapotransprratron IS lower 

Groundwater recharge strongly responds to early spnng prectpitahon 

Groundwater levels respond to antecedent recharge events wth a hme 
lag that is affected by soil type and is proportional to the unsaturated zone 
thickness 

Surface water base flows and seep locations respond to spatial and 
temporal vanations in groundwater levels 

Surface water flows respond rapidly to preapitahon events 

In the IA and the ponds immediately downstream surface water inflow 
and outflow are currently managed by RFETS 

Groundwater beneath the IA interacts with vanous subsurface plpes 
utrlity conduits and building basements and IS subsequently redirected 
or discharged to the surface flow system (e g pressumed pipe leakage 
storm and sanitary sewer lines and footing drains) 

A substantial amount of imported Denver Water Board water is distributed 
through pipes within the IA 
Most imported water IS routed through the wastewater treatment systems 
and discharged to the managed senes of ponds 

A component of the imported water leaks from piping and adds to 
groundwater beneath the IA and 
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0 Groundwater is intercepted by several IA remediatioz systems 

The variety and complexity of the hydrologic system further supports the requirement for 
a sophisticated model code A discussion of the appropnate level of sophistcation IS 
presented in Section 3 0 

2 5 Project constraints 

Software costs project budget and project schedule must be taken into consideration in 
the model seleaon process A holistic evaluation of software COSI indudes not only the 
inihal procurement and technical support costs but also consideratton of software 
robustness computabonal efficiency and flexlbility ease of data import and export 
documentatron technical support etc Defictencies in any of these areas inevhbly lead 
to a significantly greater level of effort and resulting higher cost 

2 6 Applicable standards 

The American Society for Testing and Matenals (1 998) standards were reviewed for 
code selection critena However no selection cnterla are available for integrated codes 
Only a standard guide for selecting a groundwater modeling code is provided 
(Designation 61 70) This guide IS very general and is more of a cheddst of boundary 
conditions and specific capabilities of the selected model rather than a set of critena on 
which to base selection Therefore formal third party standards were not used 
speafically in the model code selection however the general guide that the model must 
be capable of simulation of site processes was used 

2 5  
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3 0 Code identification 

Many codes have been developed and used to solve many types of hydrologic and 
hydraulic flow problems many of which are similar to those that occur at RFETS In the 
past few decades dramabc improvements in computer hardware (notably in storage 
capacity processing speed and graphics ability) coupled with improvements in 
computer software (GIs database and programming environments) have led to the 
development of more sophisbcated hydrologic codes capable of solving increasingly 
complex problems Such codes are typically the result of many years of conttnued 
development and application Because of the sophisttcatton of many hydrologic codes it 
can take a considerable amount of ttme to understand the physical equattons and 
mathematical methods used to simulate the numerous possible processes To simplify 
the selection of an appropriate code for the SWWB it is necessary to identtfy the 
different types of codes that have been developed and are available for use 

Section 3 1 provides a brtef description of the types of available codes that based on a 
standard classificabon scheme could be used to simulate hydrologic processes at 
RFETS This classificabon provides a means by which a select type of code can be 
identified and further evaluated for its capability of simulattng Site condhons In some 
instances model code documentation may describe its applicability and/or capability 
using terms meant to be consistent with this classtficatton Often under closer scrutiny 
certain capabilities or portions of the code are inconsistent with its stated dasstficabon 
This makes evaluation of a specific code more difficult and requires that details of the 
code be reviewed (a ttme-consuming process) Nevertheless the classtficatton scheme 
is useful in eliminatmg certain types of codes from the selectton process either because 
they are too simple or because they do not consider processes and details important to 
the RFETS flow system 

Section 3 1 also presents the main physical equahons to be solved by the selected 
model code 

Following this brief summary of code types the detailed model code selectton cntena 
are presented in Sectton 3 2 This is followed in Sectton 3 3 by an initial screening of all 
possible hydrologic codes based on the classificatton presented in Sectton 3 1 and the 
criteria presented in Sectron 3 2 Sources of informabon used to identtfy potenbally 
applicable and relevant codes (including Internet addresses) and their features 
documentation and use are summarized in SecAon 3 4 Potenbal hydrologic codes are 
identified and their capabilittes are summanzed in Sedon 3 5 

3 1 Hydrologic model code types 

Hydrologic model codes vary greatly in their complexity and purpose At the simplest 
level is a steady state lumped parameter model This type of model descnbes a 
process such as streamflow into and out of a reservoir without regard for spattal 
geometry or timing of flows This model s operabon is governed by the stattskal 
correlation between input and output and could be represented by an empincal 
equatton 
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Model codes solve increasingly more complex hydrologic pr0blem-m an increase in 
the sophisttcation of the code itself At a basic level the ttme dimension IS not 
considered and processes are assumed to be steady state At the next level of 
complexity transient model codes treat only the bme dimension explicluy and the 
solution becomes unsteady” in time As the ttme resolution of interest becomes finer 
different processes become dominant For example summer preapitation events over 
RFETS typically occur in less than one half hour Runoff and channel flows respond 
quickly to these events but groundwater flows may take hours to days to respond rf at 
all Increased model complexlty incorporates storage within the model domain At 
further levels of complexlty (1) the parameters controlling the processes become more 
transparent (2) the model is dnven by system parameters rather than emplncal 
constants (3) the parameters become spattally dlstnbuted at finer spatial resolutton 
throughout the study area and (4) simulated processes become more integrated At 
each stage the number of equations to be solved at each bme step increases The 
most complex codes are limited in their applicability by the cost of the computational 
power required to solve the equations within a reasonable time 

For model code selection simpler types of code were eliminatetj The process of 
elimination is illustrated through the following discussion of types of hydrologic code 

3 1 I Integrated versus coupled individual process codes 

In order to meet SWWB objecttves simulating hydrologic processes independently 
(using individual process codes) was considered in determining the feaslbility of such an 
approach The pnmary advantage to using indiwdual process codes IS the modeling 
team s familianty with the codes A number of the codes have already been used at 
RFETS to model different areas or hydrological processes Some of the codes include 
(1) MODFLOW (2) Storm Water Management Model (SWMM) (3) Hydrologic 
Simulation Program (HSPFlO) (4) HEC 2 (5) H y d r o 0  (6)HELP and (7)TR 20 
Other vanable saturation codes were used to simulate unsaturated zone flows in specific 
areas of the Site Another advantage to using individual process codes would be that 
the existing applicattons of these codes could be simply modifiid to meet the objedwes 
of the S W B  Two of the codes HSPF and SWMM were selected for further 
evaluatron and are discussed in more detail in Secbon 4 1 

None of the individual codes considers all processes simultaneously in any detail This 
is considered a major limitation because the RFETS hydrologic system responds in a 
very integrated manner Coupling process codes to simulate the integrated system at 
RFETS would be difficult to implement because new code and programming would have 
to be developed for this method Therefore the selected code will be integrated 

3 1 2 Deterministic versus stochashc codes 

Figure 3-1 illustrates the general types of hydrologic flow codes currently available 
Codes are defined as being either deterministtc or stochast~c (Singh 1995 Abbott and 
Refsgaard 1996) depending on whether or not the input is specified in terms of a 
probability distnbution Deterministic codes input unique values for specrfic parameters 
and produce output with apparent certainty“ Stochasttc codes incorporate uncertainty 
in the model input parameters However stochasttc codes are not appropnate for the 
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SWWB project as they can only be applied to relatively simple systems Because of the 
hydrologic complexity of the Site the selected code should be detennlnlst/c 

3 1 3 Joint deterministic-stochastic codes 

The substantial data requirements of deterministic distributed codes (see %don 3 1 4) 
and the common uncertainty related to many of their input parameters have led to 
development of joint deterministrc stochastrc codes that attempt to incorporate stochastic 
representations of uncertainty in input parameters Stochastic analysis typically has 
focused on linear systems where the input parameters are parametenzed in terms of 
their mean and standard deviations to account for their uncertainty 

Stochastrc analysis of non linear systems is uncommon because of the inherent 
complexity associated with solving the partial differentral equations when stochastic 
representatrons of the parameters are incorporated within them The accepted 
alternative is to perform a Monte Carlo analysis on a deterministc model running 
multiple simulations and generating a probabilistic distnbutron of results This is the 
approach that will be used for the SWWB uncertainty analysis on the reference year 
climatic simulation Therefore stochastic and joint deterministrc stochastic axles are 
not considered further 

3 1 4 Types of determinlsbc code 

Deterministic codes can be classified as empirical conceptual or distnbuted based on 
the degree of spatial distribution of input parameters Empirical codes (also termed 
lumped ) treat the entire system as a single control volume in which the parameters 

controlling the flow within the system are effectively lumped into a single value 
Conceptual codes incorporate more physical reality but also tend to represent the 
system by a series of lumped parameter models that do not consider the explicit spatial 
variability of input model parameters within each sub-model For example most rainfall 
runoff (unit hydrograph) models fall into this category The obvious limitahon of both 
empirical and conceptual codes is that they do not address the considerable and very 
significant spatial variaQon in properhes (e g hydraulic condudvity) across the Site 

Unlike the empirical and conceptual models distnbuted codes (also termed distnbuted 
parameter codes) require a distnbution of input parameters in both space and trme that 
more realistically relates to their actual field distribution In a distnbuted d e  the 
hydrologic system is assumed to behave as a continuum and flow within the system is 
defined by governing physical equations These equations and their numencal solution 

require a distribution of input parameters in both space and time These codes 
represent the most data intensive types of hydrologic models that can be used to 
simulate a system 

Only distributed codes were considered for code selection because only these codes 
simulate the distributed effects of input on output and they are considered most capable 
of simultaneously simulating the hydrologic processes most important to the SWWB 
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3 1 5 Distributed codes 

Distributed codes can be subdivided as follows 

Physically based or quasi physically based 

Strongly or loosely-coupled and 

Continuous or event 

The term physically based is often misused in the literature There is a tendency by 
many code developers to use this term to describe their code because It imphes that it 
was developed on the basis of sound physical and mathematical representations 
However in reality sophisticated codes have a substantial number of physical 
processes to be simulated and there is a tendency to sacnfice more ngorous physical 
and mathematical representatr9ns of a given process for a simplficatmn that will permit a 
more rapid solution Therefore although a code may be described as a physically 
based distnbuted code in reality certain processes may be smulated by equabns 
that are less physically based than could be described based on current research Such 
simplified codes are referred to as quasi physically based 

This is an area of significant differences between codes which can make it difficult to 
compare the differences between two codes that make similar claims as to thew 
capabilities In the model selechon process preference was given to those codes that 
are truly considered physically based for all signrficant hydrologic processes 

The second distinction between distnbuted codes is how they integrate or couple the 
hydrologic processes throughout the simulatron In other words how do they actually 
account for transfers for example from surface water to the unsaturated or saturated 
zones? Ideally the partial differential equations should be solved simultaneously and 
exactly so that mass is conserved and each state variable (e g system pressure) is 
updated as a functron of how input variables change However very ngorously coupled 
codes are extremely inefficient computationally and are typically used only for research 
or applied to much smaller areas such as test plots Therefore the selected code 
should be 'well coupled but retaining computational efficiency at the scale of the study 
area 

The third distinction among distributed codes is continuous versus event code types 
Event codes simulate the results of only one event (e g one storm with its 
corresponding hyetograph and typically one or more streamflow hydrographs) 
Contmuous codes simulate all events and the system relaxation penod between events 
Therefore event codes are subsets of continuous codes The selected code for this 
project should be continuous for the following reasons 

0 Event response relationships are affected by antecedent condhons 

A penod of at least one year should be simulated for calibration and 
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0 The future scenarios may extend over several years 

3 1 6 Physically based code flow equations 

Typically distributed parameter physically based model codes are based on a set of 
partial differential equations that descnbe the flow and mass conservation for each 
hydrologic process within a given flow system The pnmary processes indude (1) 
surface flow which consists of channelized and overland flow (2) groundwater flow and 
(3) unsaturated zone flow A bnef descnpbon of the physical equabons that are used in 
the more ngorous physically based hydrologic models is presented below Figure 3-2 
illustrates conceptually how the three-dimensional hydrologic processes are related 

Overland flows respond to direct precipitation or snowmelt and feed into channels 
Infiltration occurs below overland flow planes or through the bottom of channels 
Evapotranspiration acts to remove all or some of the infiltration from the unsaturated 
zone before it becomes recharge Evapotranspiration can also remove water directly 
from the groundwater zone Groundwater is recharged by the fractron of infiltratmn that 
exceeds evapotranspiration losses and subsequently flows laterally out of the system 
or discharges directly to a channel or to an overland flow plane 

Surface water flow 

Distributed physically based hydrologic codes typically use the onedimensional 
Saint Venant flow equations to simulate the physical routmg of water through surface 
channels within the model domain These equations neglect lateral inflow wnd shear 
and eddy losses They are used extensively in pract~ce and are actually simplifications 
of the much more complicated three-dimensional Navier Stokes flow equations Despite 
their simplification they still represent unsteady non unrform flow condibons within a 
stream under most watershed condibons 

The conservative form of the Saint Venant equations is presented in Chow (1988) as 
follows 

Continuity Equation 

aQ aA 
ax at 
- + -=o 

Momentum Equation (Conservative Form) 
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Figure 3 2 
Three-dimensional hydrologic flow system 
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Momentum Equation (Non Conservative Form) 

av i)y + v- + g z  - g(S - S,)=O 
av - 
at i3X 

I ffinematc Wave 

I D~ffusm Wave 

I Dynamic Wave 

where a is the cross sectional area QIS flow rate gis the gravitattonal acceleratton Vis 
flow velocity cand yare distance along the channel and water depth respedrvely and 5 
and s are channel slope and fnction loss respectively 

Often simplifications to the momentum equabon disbnguish vanous distributed 
hydrologic codes from one another For example some codes only provide for the 
simplest surface routing capabilibes and use the kinematic wave assumpton (see 
above) More complex codes permit roubng that includes the diffusive or even the fully 
dynamic wave equabons ffinematic and diffusive wave appmumations appear to work 
well under different conditions whereas the fully dynamic wave appmumatton (full Saint 
Venant equations) provides the highest level of surface prediction under most conditions 
(hydrostabc pressure distnbution small channel bottom slope and uniform cross 
sectional flow velocity) but is also the most computationally intensive Another 
advantage of using the full dynamic approximation IS that backwater effects can be 
simulated 

Overland Flow Equation (Two-dimensional Diffusive Wave) 

where li is flow depth r is rainfall rate f is infiltrabon loss rate q is lateral inflow rate t is 
tme andf is the Darcy Weisbach fridon factor 

Groundwater flow 

Groundwater flow equation (Three-dimensional Boussinesq) 

"( K, g) + $( K,y $) + ;( K, E) - w = s - ah 
ax at 

Where 
hydraulic head "represents sources or sinks s is specfic storage and 
Cartesian coordinates 

Q and q are pnnapal hydraulic conductivity tensor values h is the 
y and e are 
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Unsaturated zone flow 
! 

Unsaturated Zone flow equation (One-dimensional Richards Equation) 
I 

I 

where c( Y) is the specific water capacity 
S is a sink term and Yis the pore-water pressure 

?P) is the unsaturated hydraulic condudvity 

3 2 Model code selection critena 

Based on the general constraints descnbed in Chapter 2 (project objectives conceptual 
flow model data quality and quantity standards and schedule) and those presented 
above (available model code types) the selected code at a minimum should possess 
the following features 

Adequate sophisticahon to simulate all relevant hydrologic processes at 
RFETS for short and long time penods (descnbed by the three- 
dimensional conceptual flow model presented in the Work Plan and 
details associated with future scenarios outlined in Section 1 0) In 
parhcular unsaturated zone and groundwater flows and their interactions 
with surface water flows should be explicitly accounted for in the selected 
model 

Allows spatial and temporal vanability in model parameters and inputs 
across the Site 

Permits a vanety of time vanant boundary conditions 

Able to incorporate variable spahal resoluhon wthin the model domain or 
the ability to telescope into desired area (gnd refinement) 

Rigorously couples different hydrologic processes (e g surface and 
groundwater flows) that operate simultaneously 

Has built in code options that permit simplified process solutions where 
appropriate to improve computational efficiency and 

Welldocumented use available documentatmn on use and easy to use 

A set of secondary model code selection cntena were also developed to reflect the 
overall capabilities of a given model as a decision malung or management tool 
Though not absolutely necessary for application these additional cntena are considered 
nearly as important as those above because they can dramatically improve the effiaency 
(time and complexity) in overall SWWB model development or the ability to visualize 
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interpret or evaluate complex spatial and temporal distributions of model input and 
output These cntena can reflect a d e  s ability to rapidly modtfy or develop a complex 
set of hydrologic conditions (e g a speufic future scenano) and to accurately and 
efficiently interpret and evaluate a potentially large and complex set of model output. 
These secondary model d e  selection cntena are 

0 Graphical User Interface (GUI) 

0 GIS capability 

0 Internal consistency checks and 

e Pre and post processing capabilities 

Finally additional code selection critena speufied below are not within the S W B  scope 
of work but are considered relevant to the secondary objectwes outlined in S e a n  2 1 

e Ability to simulate erosion and sediment transport, and 

e Ability to simulate dissolved speues transport 

3 3 Initial code screening 

It is clear that the response of the hydrologic flow system at RFETS is a strong function 
of many spatially and temporally distributed parameters based on the three-dimensional 
conceptual model presented in the Work Plan and summanzed in Sectron 2 4 of this 
report It is therefore essential that the code selected for simulating the RFETS SWWB 
has at a minimum the ability to incorporate this spatial and temporal vanability for the 
most significant system parameters Neither empincal nor conceptual model codes are 
considered further in this model selection process Empirical and conceptual codes do 
not provide the needed degree of resolution or sophistication to adequately simulate 
current or future conditions at the Site to meet the project objectives They do not 
consider the spatial distribution of model parameters (like hydraulic conductivity 
evapotranspiration or preapitation) at the level required to adequately predict system 
response to meet project objectives 

Stochastic model codes are not considered because system parameters are known 
relatively well in both space and time This is particularly true for precipitahon which is a 
cntical model parameter because it is responsible for most of the system s temporal 
response Often distribution of preapitation in space and time is considered a 
stochastic process because it is not known well However at RFETS it is considered 
reasonably well known in space and time Chow et al (1988) indicate that use of a 
deterministic model code (compared to a stochastic model code) is appropnate where 
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the output vanability is small in comparison to the vanability resulting from known 
parameters 

As a result of this initial screening of codes only distributed parameter codes will be 
considered further for use in the SWWB project Only these types of codes incorporate 
the spatially and temporal vanability necessary to meet project ObjectIVeS and to 
simulate important conceptual flow model details 

3 4 Information sources 

Based on the initial screening descnbed in Secbon 3 3 only distnbuted parameter 
integrated hydrologic model d e s  are considered for the SWWB modeling A vanety of 
information sources were used to identify potential distributed hydrologic codes that 
could be used for the SWWB A substanbal amount of the informatm on available 
integrated physically based hydrologic models and their capabilities was obtained from 
in progress Ph D dissertation research (Prucha 2000) 

Several source texts were used to identify and review capabilibes of available d e s  
These sources are bnefly summanzed below 

Singh 1995 This reference is a fairly comprehensive summary of more 
sophisticated hydrologic models but fails to discuss companson or 
evaluation of codes 

Abbott and Refsgaard 1996 This discussion by the pnnapal authors of 
MIKE SHE is somewhat slanted towards use of that code for hydrologic 
modeling but overall they identify a number of codes their objectwes and 
capabilities for different types of problems including agrochemical soil 
erosion modeling and mulh species reactrve transport modeling 

United States Bureau of Redamation (USBR) 1991 USBR summanzed 
available hydrologic codes nearly 10 years ago to faalitate selection of an 
appropriate hydrologic model code from the many existing d e s  The list of 
codes in this reference represents those supported by USBR but not 
necessanly developed through this institwon For each code listed relative 
strengths and weaknesses are provided 

Bedient and Huber 1992 This reference presents several hydrologic 
models with greatest focus on urban hydrology related models like SWMM 
and HEC models 

Viessman 1977 This reference is a little outdated but provides a good 
overview of existing major" hydrologic srmulahon models as of the 
publicahon date Many of these codes still exlst today but have been 
updated and 
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Ponce 1989 This reference provides an excellent discussion on catchment 
hydrology at various scales and discusses a few physically-based 
distributed parameter models in some detail 

The rapid development associated with distributed hydrologic models makes many hard 
copy text references of code capabilities outdated therefore Internet sources were also 
relied upon for obtaining the current information on code capabilities and applicabons 
Several software developers Internet sites offering trial codes and documentation were 
also consulted A number of specific hydrologic model references were identified on the 
Internet These are summanzed in Table 3-1 

Many sources of currently available hydrologic models were found on the Internet The 
USGS provides a comprehensive lists of hydrologic models developed through federal 
government agencies at The USBR 
also provides another comprehensive Iishng of hydrologic models at 
httD //www usbr aov/hmi/invlist99 htm#l999 List Text references included in Table 3-1 
are downloadable from the associated Internet site 

3 5 Code identification and capability summary 

A number of physically based distributed integrated hydrologic codes were 
evaluated but eliminated from the initial list because they failed to meet certain aspects 
of the selection critena These codes include the following 

0 

e SWATMOD (SWAT + MODFLOW) 
e MODFLOW Surfact 2000 (HydroGeoLogic) 
e SWATCH (CSU) and 
e MOGROW (DLO Netherlands) 

ISGW SDI (HSPF + MODFLOW) 

3 5 1  ISGWSDI 

The ISGW code developed by SDI Environmental Services Inc of Tampa Flonda 
(Davis P R 1998) couples HSPF and MODFLOW Although this sounds appealing the 
main limitation for this code is its implementahon of he-stepping which does not offer 
the flexibility necessary to simulate the type of rapid precipitation events and runoff at 
RFETS Furthermore it does not consider unsaturated zone flow as rigorously as other 
codes This is important in arid and semi and zone hydrology 

3 5 2  SWATMOD 

The previous discussion is also true for the SWATMOD code (Ramireddygan 1998) 
which also couples an existing code SWAT with MODFLQW 

3 5 3 MODFLOWSurfact 2000 
MODFLOW Surfact 2000 (Panday and Huyakom 1998) was eliminated from further 
considerabon because it is still being developed Further it has no documented use and 

3-1 2 
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problems (e g water quality issues water balance land use effects or soil erosion) 
Often these problem types do not overlap and one code may be better than another for 
addressmg a given problem 

3 5 8 Spatial representation 

Table 3 2 describes the spatial representation of the hydrologic flow system indicating 
the degree to which the code allows its parameters or variables to be distributed As 
noted previously there is some degree of subjectivity in defining codes but in general a 
code is considered distributed if it permits most or all of its input vanables and 
parameters to be specified as spattally distributed All codes are lumped to some 
degree because even the most distributed codes must define a minimum grid cell size 
in which the model parameters or vanables are effectively lumped to remain 
computationally feasible 

If a coarse grid is used to describe the model domain using a distributed code there 
might be little difference between results obtained by simulating the entire system with a 
lumped watershed code or a distributed code However the distributed code 

typically permits a finer grid resolutron of the system which can represent the system 
more accurately 

The lumped watershed or contour based codes are basically constraints imposed on 
the code by the methodology used to solve the surface flow within the hydrologic 
system Typically sub watersheds or areas of uniform streamline are defined based 
on topography (derived from a digital elevation model) This permits the two- 
dimensional overland flow process to be represented by a onedimensional process for 
which a kinemattc wave solution is used to solve for stage height or flow 

3 5 9 Physical processes 

The remainder of Table 3 2 provides descriptions of how each code simulates physical 
processes The following processes are considered the most important components of 
the SWWB conceptual flow model 

Surface flow as overland flow and channel flow 

Subsurface flow as unsaturated zone flow and ground water flow 
e Evapotranspiration and plant growth 

e Snowmelt and 

e Macropore flow 

These processes are discussed in detail in the Work Plan and will not be described 
further here The selected code should be able to simulate all of these processes well 

3 15 
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Simulator for Water Resources 
in Rural Basins (SWRRB) 
USDA Agricultural Research 
Service 
Storm Water Management 
Model (SWMM) 
US EPA 
TOPOG Dynamic (CSIRO 
Australia) 
MODBRANCH (USGS) 

SWAT 
(USDA Agncultural Research 
Service) 
Distributed Hydrology 
Vegetation Model (DHSVM) 
IDOE, PNNL) 

4 

Table 3 1 
Hydrologic code references available on the Internet 

EPN600/R 97/080,755 p 
httD //din0 WIZ uni 
kassel de/model db/mdb/swrrbwa html 
httD //www cee odu edu/cee/model/swrrbwa html 

httD //www ccee orst edu/swmm/ 

http //www clw cstro au/topog/ 

httD //Dubs usas aov/Dublicattons/l996 
08/books shtml#twri Swain E and E Wexler 1996 A 
coupled surface water and groundwater flow model 
(ModBranch) for simulation of stream-aquifer 
interaction Chapter A6 Techniques of Water 
Resources Investrgatrons of the United States 
Geological Survey p I 125 
httD //www brc tamus edu/swat/versdif.htmI 

httD //www ce washinaton edu/-ntissen/docs/DHSVM/ 

Hydrologic code I Reference 

New Version is MMS 
Hydrologic Simulatron Program 
(HSPF) 
USEPA 

httD //www scisoftware com/oroducts/hsDf model deta 
Is/hsDf model details html 
httD //www eDa aov/ceamDubl/hsDf htm 
Bicknell B R lmhoff J C W e  J L Jr Donigian 
A S Jr and Johanson R C 1997 Hydrological 
Simulahon Program-Fortran User's manual for 
version 11 U S Enwonmental Protection Agency 
National Exposure Research Laboratory Athens Ga 
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4 0 Model code evaluation, companson, afid selection 

Sectron 4 1 summames how codes were evaluated and then compared to identrfy the 
code that best meets the model d e  selection cnterta set forth in Sectton 3 2 A 
relatwely simple but useful rankmg scheme developed as a means of companng overall 
features of each code is also presented in Sedon 4 1 The model code selected for 
use in the SWWB modeling based on this rankmg is presented in Sectton 4 2 

4 1 Code evaluation and comparison 

Compansons and evaluattons of each d e  presented herein are made using available 
manuals or documentation (Section 3 4) literature references desmbing actual 
performance or applicahon and direct expenence using the code Foremost in the effort 
to identify the code for the SWWB is the need to remain unbiased towards seledon of 
any one code There is often a tendency for scienttsts and engineers to simply use the 
code with which they are most familtar instead of using a d e  that may offer a better 
solution to the specific problem at hand There are several reasons for this one of 
which is that it takes a significant investment in person hours to become familiar enough 
with a specific code to apply it correctly to a given problem Furthermore each code in 
Table 3 2 was developed through a large government or academic instttution and there 
is a strong tendency for users within such instrtuhons to sponsor their own code There 
is little motivation for users to switch to another code because models for most complex 
sites take months and even years to develop Users become familiar with features of a 
particular code such as the procedures for data input how the model performs or the 
sensitrvities of a particular numencal solver and are reluctant to give up this expenence 
by using another code 

No absolute companson can be made whereby one code is considered more accurate 
or better than another No standardzed method is known to exlst Instead each code 
should ideally be compared against one another using the same assumpttons and Site 
parameters and vanables However this type of comprehensive cornpanson of the 
physically based distnbuted parameter model codes (Table 3-2) has not been 

performed to date in any ngorous fashion (El Kadi 1989) To rigorously demonstrate 
how one code may perform better than another for a speufic physical problem s well 
beyond the scope of this report. Instead the approach taken in thrs report IS to evaluate 
and compare codes identrfed in Table 3-2 using a simple but objective numencal 
ranking scheme based on the model code seledon cntena spedfted in Secbon 3 2 The 
intent of the ranking scheme is to 

e Numencally rank each code s capability against each cntena 

0 Remain unbiased toward use of a specific code and 

0 Identtfy the best model code for the RFETS SWWB based on 
professional judgement 
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Once this ranking template was developed speafic code features and capabiltties were 
evaluated in greater detail Table 4-1 presents the model code selection cntena and 
ranking scheme used to compare codes Model code selection cntena are presented in 
columns with labels at the top Numencal rankings are provided in each d u m n  
corresponding to the speafic codes listed in the lefi column of the table The second 
row beneath the model code selection cntena shows the total possible score for each 
cntenon The last two columns on the nght sum the total for each code and provide a 
percentage of the maximum possible The total possible value for a given cntenon 
vanes according to the relattve importance of that cntenon to the overall model seledon 
For example the physically based cntenon has a maximum possible score of 10 points 
(pts) compared to the Technical Support critenon which has a maximum possible 
score of three pts In this case the assigned points reflect the relative importance of a 
physically based code to a code having excellent technical support 

Other important critena listed in Table 4-1 include the following code cap&Iitres 

e To provide spatial and temporal vanability for input and output (5 pts) 

0 To provide flexible boundary and initial conditions (5 pts) 

e To provide flexible gnd resolutton capabilities (5 pts) and 

e To provide GIS and pre- and post processing capabilities (5 pts) 

The remaining critena have lower point values 

0 Available documentation that is current, complete and accurate (4 pts) 

0 Documented use (successful difficulties etc ) (3 pts) 

e Ease of use or code familianty (this is somewhat subjedve and is based 
on user expenence and qualifications) (3 pts) 

The type and availability of technical support (3 pts) 

e Animation and partrcle tracking (2 pts) 

e Internal consistency checks (2 pts) 

e Whether the code supports additional features like chemical or sediment 
transport or erosion modeling (2 pts) and 

Hardware opttmtzatton for PC based processor (1 pt) 

4 2  
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4 1 1 Physically based criteria 

The first selection criterion listed in Table 4 1 is the code s level of sophisticabon or 
specifically the degree to which it is physically based This column summarizes the 
physical capabilities for the pnmary processes listed in Table 3-2 for each code MIKE 
SHE was given a 10 because it has the capability to simulate all physical processes 
using the most physically based approach possible The most significant distinction 
between MIKE SHE and other codes is how flow within the unsaturated and 
groundwater zones are calculated Both of these subsurface processes are considered 
very important at RFETS in controlling the interaction between surface water and 
subsurface water 

The Richards equabon and three-dimensional Boussinesq equation are generally 
considered to be the most physically based equabons currently used for simulating 
unsaturated and saturated zone flows respectively Only the MIKE SHE and TOPOG 
codes simulate unsaturated zone flow using a one dimensional Richards based solubon 
All of the other codes reviewed except for ModBranch (USGS) simplify the 
representation of groundwater flow typically with a lumped reservoir model While this 
approach may be reasonable over large areas or over long bme penads this approach 
will not provide detailed information on short term localized system response (e g 
hydraulic heads flow rates) 

Both TOPOG and MIKE SHE simulate overland flows explicitly using a kmematic wave 
approximation though MIKE SHE simulates flows using a two-dimensional approach 
This is seen as a unique advantage over other codes since no assumpbons are required 
for how system flows are routed within the model domain (e g sub-basin delineation) 
Instead the model will automatically determine how water flows on overland planes 
based on topographic digital elevabon model (DEM) data TOPOG relies on defining 
many flow paths based on topographic data but must rely on this analysis to actually 
route the water through the system 

Other codes use less physically based equahons For example SWRRB SWAT 
HSPF SWWM and PRMS all require definition of sub-watershed areas and use one- 
dimensional flow equations SWRRB and SWAT both use the SCS curve method a well 
known but empirical flow equation This method appears limited for future scenanos 
where system responses will not be known beforehand (see Section 1 0) The two- 
dimensional overland flow feature used in MIKE SHE will likely show much greater 
functionality for future scenanos where hydrologic divides must be determined pnor to 
simulabng the scenano In some instances (I e during high preapitation events or 
flood events) the predesignated hydrologic divides used in overland planes will not 
permit flows across these boundaries 

4 1 2  Climate 

In codes like SWAT and SWRRB climate can vary over different sub-basins but not 
within a given sub-basin At RFETS the precipitation is known to vary significantly over 
relatively small areas and surface runoff is known to respond rapidly to preapitabon and 

4-4 
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strongly to its spatial vanabon This would likely be a major Iimitahon of these codes 
MIKE SHE permits both the spabal and temporal vanation in preapitation though its 
distnbutron in space is limited to the spatial grid discretrzation over the model domain 
Most codes appear to include snowmelt as an opbon except for TOPOG and 
ModBranch HSPF and DHSVM appear to have the most sophisticated simulatron of 
snowmelt HSPF includes features that simulate snowdnft as well 

4 1 3 Documented use 

All of the codes listed in Table 4 1 appear to have been applied to a vanety of hydrologic 
problems although most have been applied to basin scale flow systems that are larger 
than at RFETS All of the d e s  appear to have had extensive applications not only 
within the United Sutes but worldwide For example the SWAT model has been 
applied to a vanety of problems (httD //www brc tamus edU/SWat/SWataDD htmt) wthin the 
United States including andkemi and environments (Ro Grande/Rio Bravo Watershed) 
The MIKE SHE model has been successfully applied mostly in international locations 
but within the past few years it has been applied to Sites within the U S (see Seaon 4 2 
for more details) TOPOG was developed in Australia but usage in a vanety of 
applications (water yield erosion salinity etc ) is well distnbuted internationally with 
nearly 100 users in North Amenca Only ModBranch and DHVSM do not appear to have 
been applied to any significant number of Sites DHSVM has been applied pnmanly to 
mountainous areas in the northwestern U S (Cascades) where preapitation rates are 
high PRMS has typically been applied more often to larger scale hydrologic basins than 
other codes 

4 1 4 Documentation 

SWAT TOPOG SWMM and MIKE SHE all appear to have good documentation to 
support code use and learning Theory data manipulatron (InpuVoutput) and 
illustrations are clearly stated in the documentabon associated with these codes 
Example problems and setup are provided For being the most data intensive the 
HSPF code has the poorest quality documentabon of all the codes and is very dflicult to 
understand (Donigian et al in Singh 1995) The PRMS model documentahon provides 
no information on theory or applicabon but offers an accurate format for input The 
ModBranch code provides basic theory history and data input features but does not go 
into detailed application of the code 

4 1 5 GIWGraphical capabilitiedanimation 

The SWAT code has been interfaced with both ArcView (ESRI) and Grass and provides 
a strong GIS interface capability The PRMS code uses the recently developed USGS 
X Windows Modular Model System (MMS) feature to provide pre- and post processing 
capabilities although it is uncertain how seamless or reliable this method is TOPOG 
also utilizes X Windows and Motlf graphic routmes HSPF is perhaps the weakest of all 
the codes regarding graphical GIS or pre- and post processing capabilities As a result 
it IS given the lowest score (1 pt) for this criterion because it is probably one of the most 
data intensive of all of the d e s  reviewed MIKE SHE uses ArcView as the basis for 
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most of its graphical interfacing and has several extensions wntten&ectly in ArcView 
for contouring and data visualmtton and manipulation Animations and padde tradong 
are also features available in MIKE SHE MIKE SHE animatrons can be developed 
showing several graphs and plan view scenarios where parameters change in bme 

4 1 6 Technical support 

Technical support is somewhat dtfficult to assess without direct experience MIKE SHE 
ranked highest for this factor pnmanly because its initial cost indudes rapid and helpful 
technical support that is confirmed through direct expenence with the code MIKE SHE 
also has a dedicated group of computer programmers that support worldwde efforts and 
continued model development Code modificatrons for parhcular issues have been quick 
and effectrve Other codes appear to have training courses and web pages where 
authors could be contacted but they likely don t offer the same level of support as MIKE 
SHE These were scored a possible two points out of three while ModBranch SWRRB 
and DHSVM all scored only 1 point because none of these appears to support even a 
web page 

4 1 7 Other criteria 

Other criteria such as ease of use and WBWG famrlianty with the code internal 
consistency checking hardware opttmization and other features like chemical transport 
or sediment erosion capabilihes are ranked in Table 4 1 but are not discussed here at 
great length Most codes appear to offer advanced features like transport of chemicals 
pestiades or nutrients (general water quality parameters) with the exceptron of PRMS 
and ModBranch which were not designed for this purpose HSPF SWMM and MIKE 
SHE probably have the greatest number of additional transport parameters Most codes 
can be run on vanous computer operattng systems 

4 2 Code selecbon 

Based on the evaluation against other wdes (presented below) MIKE SHE will be used 
to develop the S W B  model It meets the model speclfic cntena best. It also utilizes 
spabal and temporal data easily and should be capable of provlding output to saw the 
S W B  objectives Based on rankings assigned in Table 4-1 MIKE SHE appeared to 
have several advantages over other codes reviewed Of the notable advantages are its 
GIS capabilities technical support documentation and flexibility in definmg boundary 
conditions and grtd resolutions MIKE SHE also possesses distinct advantages over 
other codes based on the complexlty of the governing physical equabons Additionally 
recent efforts by DHI to improve the functionality of MIKE SHE have involved adding 
various simplifying equattons for each hydrologic process so that the overall 
computational effiaency of the integrated hydrologic model can be improved 

MIKE SHE represents each of the three main hydrologic processes (surface flow 
unsaturated zone flow and groundwater flow ) and their dynamic interadon as well as 
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or better than all other codes reviewed The way in which unsatur&d zone 
groundwater and surface water flow processes are treated is discussed below 

Unsaturated zone flow is a very important process at RFETS because of its strong 
influence on evapotranspiratton surface runoff and groundwater recharge MIKE SHE 
simulates unsaturated zone flow using a Rchards based equation which represents the 
unsaturated zone flow rates and moisture distnbuttons more accurately and realisttcally 
than other approaches Only MIKE SHE and TOPOG use this equatton 

Three dimensional groundwater flow is also represented by MIKE SHE better than 
the other options With the exceptton of ModBranch other codes treat the groundwater 
zone as a linear reservoir flow model At the RFETS groundwater flow is strongly 
controlled by three-dimensional aspects of the system (e g sloping geologic surfaces 
subcropping sandstones and variable-depth weathered bedrock zone) 

Surface water IS handled better by MIKE SHE than most other codes It provides for a 
fully dynamic solution of channellzed flow and accounts for flooding and the dynamic 
interaction between surface water and unsaturated and/or groundwater zones This 
capability provides for more realisttc solution of surface flows stage heights and 
groundwater levels particularly during intense preapitabon events Other codes do not 
have this complexity available Furthermore MIKE SHE allows the user to simplify the 
surface flow equations if condittons allow opbmizing computational effiaency MIKE 
SHE simulates overland flow as a two-dimensional kinematic wave solut~on determined 
by topographic data This gives it a strong advantage over other codes that pre-process 
topographic DEMs into either sub watersheds or streamlines that effedrvely reduce the 
overland flow process into a onedimensional solution The MIKE SHE code IS the only 
code reviewed that does not require any simplificabon to solving overland flow and 
calculates it as a two-dimensional process 

Current U S based modeling efforts using MIKE SHE include the South Flonda Water 
Management Distnct which is applying the code to develop an integrated model for the 
Caloosahatchee reservoir pnmanly to assess strong interacbons between groundwater 
and surface water (httD.//w sfwmd aov/ora/exo/cwmD/mikeshe/index. html) MIKE 
SHE IS also being used in an integrated model for the semi-and Hemet San Jaunto 
Valley in southern California and is being used to model hydrologic conditions within a 
large scale arid/semi and basin flow system the Black Mesa basin flow system in 
northeastern Anzona (Prucha 2000) Vanous universities (Universw of Nevada Reno 
Desert Research Institute Reno Nevada San Diego State University California 
Massachusetts Institute of Technology Cornell and University of Colorado Boulder 
Colorado) are also using the code for research MIKE 1 1  (MIKE SHE s channel flow 
component which is also available in stand alone form) is one of the currently supported 
hydrologic models within the USBR (htto //www usbr aov/hmi/hmi html) 

Internationally MIKE SHE has been used successfully in a vanety of applications of 
variable size and complex@ A comprehensive list of many of these projects is located 
on the DHI website (www dhi dk) Details of the MIKE SHE code are provlded in 
Appendix A 
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4 3 Code verlfication program 

The selected code MIKE SHE has been widely used intemabonally but is less well 
known in the United States and is relatively unfamiliar to many workers in the U S In 
additron benchmarking tests (descnbed in the Work Plan Sedfon 2 7)  have not yet 
been performed To increase client peer reviewer stakeholder and public confidence a 
separate Code Venficatron Program (CVP) will be implemented The CVP will consist 
of at a minimum the following components 

Verificabontests and 

Dossier of published tests and applications 

4 3 1 Verification tests 

This will include three separate tests in which simulations made using the selected code 
will be compared with either 

0 Established analybcal expressions for the simutated mndltron 

0 Published lab/field data or 

0 The same simulation run using well known long-estabhshed open-code 
publicdomain software 

The verification tests will separately evaluate the selected codes performance in 
simulating 

Overlandflow 

0 Saturated zone flow and 

0 Unsaturated zone flow 

The channel flow module of the selected d e  (available as a standalone code called 
MIKE 11 ) has already been accepted for use by two U S Government agencies the 

USBR and Federal Emergency Management Association and is therefore considered 
to be benchmarked 

4 3 2 Dossier of published tests and applicatrons 

In addition a dossier of 50 internatronally publshed peer reviewed papers descnbrng 
the operation and numerous applications of the selected code has been submitted to 
the RFETS and stakeholders 
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5 0 Future scenarios 
The SWWB plans to model five land configuration scenarios as summarized in Table 
5-1 These scenarios are a cleariydefined focused targets for the SWWB They are 
represent test cases and are designed to simulate the major changes between current 
and future conditions in a logical progression so that the individual effects of spec& 
changes can be evaluated in isolation and in combination The scenarios to be 
performed and the underlying rationale for this approach are presented below 

A considerable number of parameters and inputs can be changed within the model 
either individually or in combination to evaluate effects of these changes on the Site s 
hydrologic system This could represent a very large number of scenarios The focus of 
the SWWB scope of work is to meet the project Objective The general framework for 
defining other future scenanos outside of the present S W B  project scope is also 
defined This provides a useful template for potential application of the SWWB modeling 
tool to other future scenarios 

The five future scenarios to be evaluated as part of the S W B  work focus on Site-wide 
objectives rather than on smaller scale issues These scenarios also reflect more 
extreme conditions that are likely to result in the largest change from current and future 
(closure) hydrologic conditions In other words conservative estimates of -mum 
change are expected from these simulations Simulating these types of scenanos may 
eliminate the need to simulate other less extreme future scenarios For example If the 
model results indicate that covenng a significant area of the IA only has a minimal effect 
on the downstream hydrologic regime it can be inferred that less cover would result in 
even less significant effects The details of the five scenanos will be coordinated with 
the RFETS Environmental Restoration Program 

5 1 Scenano 0 - Discontinue imported water 

Scenario 0 is to be performed first and is termed Scenano 0 because it IS a certain 
closure condition and will be included in all following scenarios This scenario consists 
of discontinuing the import of water (supplied by Denver Water Board) into the RFETS 
Initial evaluation of the Site water budget indicates that imported water is a significant 
component of the total inflow to the RFETS hydrologic system Imported quantities are 
approximately 400 acre-feet of water per year (ac ft/yr) Imported water contributes to 
surface water flow through discharge of used water to the surface water system wa the 
wastewater treatment plant and contnbutes to groundwater through piping leakage 
After closure these contnbutions will no longer exist 

This situation will be simulated first because it IS antrcrpated that this change wll have a 
significant impact in reducing surface water base flows and these results may be useful 
for planning future pond configurations and surface flow routing important to planning 
other scenarios This change may also lower the water table beneath the IA due to the 
loss of recharge from leaking pipes 
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5 2 Scenario I - No buildings or pavement 

This scenario includes the conditions of Scenano 0 In this scenano all buildings or 
pavement (except for the penmeter road and easthest access road) have been 
removed No footmg drains or sumps are active The scenano assumes that building 
basements are in place if more than 3 feet below grade and that the voids have been 
filled with concrete rubble and soil to existing grade (a smooth surface) using ndve 
vegetation The Preliminary Grading Plan will consist of interpolating the void spaces 
(where building existed) to be consistent with current topography Current channels 
culverts and groundwater remediation systems will remain as configured in FYOO 

The effect of Scenano 1 on surface water flows is difficult to predict due to the 
complexity of the building and pavement and effects from fill in building voids which will 
allow for maximum infiltration 

5 3 Scenario 2 - Plugging pipes 

This scenano includes conditrons of Scenario 1 In this scenano all subsurface fmbng 
drains storm sewers and sanitary sewers are plugged (with foam or grout) but not 
removed The pipe corndors will be removed in contaminated areas The backfill 
material is assumed to be sand backfill around bottom of the trenches This scenano will 
provide useful infomation on the runoff volumes and will be evaluated for further 
scenarios in which rerouting is likely to be important 

5 4 Scenario 3 - Effect of cover 

This scenario includes all conditions of Scenario 2 and will be coordinated with the 
Environmental Restoration Cover Design Team EvapotranspiraQon covers will be 
placed over the Solar Ponds Present Landfill and Onginal Landfill the leachate 
collection systems will stay as currently configured The intent of these covers is to 
reduce infiltration to groundwater which may lower the groundwater table Design of the 
engineered cover (including vegetation and unsaturated zone charactenstics) and runoff 
rerouting will also be speafied to the S W B  model by the Landfill Cover Deslgn Team 

5 5 Scenario 4 - Optimal IA configuration and covers 

This scenario includes all conditions of Scenano 3 Inputs to this scenano require the 
final regrading plan for the IA from the Land Configuration Design Basis project and 
optimal cover design for the Solar Ponds Present Landfill and Onginal Landfill from the 
Landfill Covers Design Team Based on the timing of these two projects this scenarm 
will be document as an Addendum to the Final Modeling Report 
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5 6 Climate scenanos 

As shown in Table 5-2 all modeled scenarios will be run for a range of climatic 
conditions These will include 

Reference condibons (climahc conditions simulated calibration year) 

0 Event based and moderately wet conditions (maximum surface and 
subsurface flow conditions) and 

Event based and moderately dry condibons (minimum surface and 
subsurface flow condibons) 

The Initial hydrologic system (antecedent) state spectfied for the climate condfbons 
menhoned above will include the followng 

Groundwater levels 

Surface water levels 

Surface soil moisture content and 

Soil moisture distnbution with depth 

Initial conditions are affected by antecedent climate and weather patterns Each 
component of the Site hydrologic system has a different hydrologic memory" depending 
on its internal dynamics and storage capacity Typically the groundwater system has 
the slowest response to perturbations (e g preapitahon events) while the unsaturated 
zone exhibits a fast response but can dampen effects on groundwater depending on soil 
type and depths Surface water responses (I e pond stage and storage overland flow 
and surface channel flow) all respond rapidly to such events Surface water elements 
except for the ponds have relatively short term storage capaaty compared to the 
subsurface system 

Initial conditions for each of these components wll be establlshed by modeling 
antecedent events (partrcularly for the shorter memory components such as pond 
storage and surface soil moisture) or by making consetvatwe assumphons based on 
histonc Site data 

Different types of boundary condihons wll be imposed on the future SWWB model 
scenarios These will include the following 

Rainfall and snowfall 

Various design event ntensibes and durations and 

Moderate term precipitation events (two consewbve dry" or "wet" years) 

5-4 
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Table 5 2 
Implications of calibration level - climate scenarios 

SCENARIO 

Reference Year 

lnihally Wet' then a 
100 Year 6 hour Event 

Initially Dry' 
100 Year 6 hour Event 

~~ 

Wet'PWet" Consecutive 
Years 

Dry P Dry' Consecutive 
Years 

DATA SOURCE 

Uses calibratron - year data 

- 

Surface soils saturated 
uses the climate generator 
from the Actrnide Migration 
Evaluation and assumes 
full saturation at surface 
from storm 

Surface soils equilibnum 
unsaturated zone moisture 
and saturated zone will 
reflect dry conditions 

Use calibration year data 
plus precipitation multiplied 
by a factor (factor > 1) 

Calibration year data plus 
preapitabon multiplied by a 
factor (factor c 1 ) 

BENEFITS 

Best case to compare 
current configuration 
versus future condihon and 
the effects of different land 
configuration 

Test reconfiguration for 
extreme surface flow event 
and provides information for 
contaminant transport 
analysis 

But assumes dry conditions 
and in combination with 
previous scenano brackets 
the extreme short term 
events 

Sustainability transport and 
management and 
moderate-term response of 
different and configuration 
changes 

Sustainability transport and 
management and 
moderate-term response to 
different land configuration 
changes 
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Overall the hydrologic system responds quickly to external forangxe g preapitation 
events) and as such the memory of the system is not expected to last for even a full 
year (some areas might respond very slowly but these areas would not be expected to 
greatly affect the overall system hydrology) Therefore two-year simulation times are 
appropnate for moderate-term condtttons 

5 7 Scenario implementation 

Modeled scenarios will be processed through an uncertainty analysis (varying the most 
sensitive parameters through a reasonable range) for the reference year to determine a 
probabilisttc range of predicted results In conjunctton wrth the climate scenarios this 
will provide a large combination of probability based results These will be evaluated in 
terms of surface water flow pond deplettons and groundwater flow 
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Appendix A 

Newcastle DHI and SOGREAH) 
Developmenthesttng, mainly by DHI 
Internal use on DHI projects 

2 

MIKE SHE description 

1990 
1990 2000 

The general features of MIKE SHE were presented in Table 4-2 This appendix 
presents additional information about the code including development history 
simplifications and limitations The approach to apply MIKE SHE to the SWWB is 
presented This supplements the flow chart showing the general modeling approach 
that was presented in the Work Plan Details of additional modules for both MIKE SHE 
and related software are presented last More speafic details on code performance and 
capabilities can be found at httD //www dhi dk 

First official release of MIKE SHE 
Continual upgrades and improvements 

A I MIKE SHE code development history 

The development of MIKE SHE is summanzed in the following table Fuller details are 
available from the DHI website 

I 1975 I Code formulated (University of I 

The MIKE SHE code has been used on about 200 projects in 50 countries around the 
world and between 1994 and 1999 50 articles have been published in the technical 
literature describing its use testing and application 

A 2 General calibration approach using MIKE SHE 

Develop a saturated groundwater flow model under long term steady state 
condittons (calibrate against average annual groundwater surface contours) 

0 Develop a surface flow model consisting of overland flow and channel flow 
This is inherently transient and will simulate vanous precipitation events 
Results will be compared against observed values of flow for target 
calibration points 

0 Develop an unsaturated zone model and 

Couple each of the hydrologic components 

A 1  
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A 3 SWWB MIKE SHE modules 

The main components of MIKE SHE to be used for the SWWB are the pre- and post 
processor (PP) the water movement (WM) modules the particle tracking (PT) module 
the MIKE 11 ’ hydrodynamic (HD) module and the converter for GIS files 

A 3 1 Pre and postlprocessor (PP) module 

This module handles all data entry and output 

A 3 2 Water movement (WM) module 

The Water Movement module (WM) is the core of MIKE SHE WM contains several 
process simulation modules which in combination descnbe the entire land phase of the 
hydrological cycle including 

Evapotranspirabon (ET) 

Unsaturated zone flow (UZ) 

0 Saturated zone flow (SZ) 

Overland and channel flow (OC) this will be combined with the more 
sophisticated MIKE 11 (see below) channel flow code to incorporate 
floodplains and structures and 

Irrigation (IR) 

A 3 3 Particle tracking (PT) module 

The main purpose of particle tracking is to estimate flow paths and transport bmes in the 
groundwater Subsequently groundwater delineation zones groundwater age and 
pollution nsk may be calculated This informatron may be useful for future planning and 
management The basic prinaple of pahde trackrng IS to release a number of notma1 
particles at different locations and times in the model area The ongins of the introduced 
particles are recorded and flow velocities calculated in the main water movement 
module (MIKE SHE WM) are applied to project the flow paths ofthe indhdual pahdes 
This is performed for each time step for the duration of the simulation 

When particles are entered with infiltrating water groundwater age may be estimated 
For species transport predictions the random walk method is applied which includes a 
deterministic advedve term and a deterministidstochastic dispersnre term in analogy to 
the advedoddispersion equatmn solved in MIKE SHE AD (see below) This approach 
provides an esttmate of the first appearance of a constituent at a pant or receptor 
Alternatively if only average flow rates are of interest the dispersive term may be 
excluded in which case the calculated flow paths correspond to the mean streamline 

Abbreviations in parenthesis in sections A 3 and A 4 are module abbrevratrons used by DHI 1 

Water and Environment Inc 

A 2  
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4 A 3 4 MIKE 11 hydrodynamic (HD) module 

The HD module contains an implicit finite difference computation of unsteady flows in 
channels The formulations can be applied to branched and looped networks and quasi 
two-dimensional flow simulation on flood plains 

The computational scheme is applicable to vertically homogeneous flow condittons 
ranging from steep stream flows to tidally influenced estuaries Both subcritical and 
supercritical flow can be described by means of a numerical scheme that adapts 
according to the local flow conditions 

The complete non linear equations of open channel flow (Saint Venant) can be solved 
numerically between all grid points at specified time intervals for given boundary 
conditrons In addition to this fully dynamic desmpt~on a choice of other flow 
descriptions is available 

0 High order fully dynamic 

0 Diffusive wave 

Kmematlcwave and 

Quasi steady state 

Within the standard HD module advanced computahonal formulabons enable flow over 
a variety of structures to be simulated including 

Broad crested weirs 

Culverts and 

Userdefined structures 

A number of add-on modules exist for the MIKE 11 Hydrodynamic Module 

Flood Forecasting Module (FF) 

0 Dam break Module (DB) 

Structure Operation Module (SO) 

Quasi Steady State Module (QSS) and 

Advection Dispersion Module (AD) 

The AD module is based on the one-dimensional equabon of consewahon of mass of a 
dissolved or suspended material (e g salt or cohesive sediments) The behavior of 
conservative materials that decay linearly can be simulated The module requires output 

A 3  
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from the hydrodynamic module in space and time of discharge adwater level cross 
sectronal area and hydraulic radius The advection dispersion equation is solved 
numencally using an implicit finite difference scheme which has negligible numerical 
dispersion Concentration profiles with very steep fronts can be simulated accurately 
The module includes a description of the erosion and deposition of cohesive sediment 
Erosion and deposition are modeled as sourdsink terms in the advectiondispersion 
equation Whereas the erosion rate depends pnmanly on the local hydraulic condibons 
the deposition rate depends also on the concentration of suspended sediment 

Finally it is possible to simulate erosion transport and deposition of non cohesive 
sediments with the AD module Here the transport of the suspended sediment is 
descnbed with the advectron-dispersion equation and the erosion and deposition terms 
are descnbed by conventional sediment transport formulations Both the Advanced 
Cohesive Sediment Transport Module (ASC) and the Water Quality Module (WQ) are 
add on modules which require a functioning AD module 

A 3 5 GIS converter 

The GIS converter allows ArcView GIS data to be imported and exported This will allow 
for the extensive ArcView coverages available for the Site to be used as direct input to 
the model The ArcView compatibility of MIKE SHE and MIKE 11 is an extremely 
valuable feature for use at RFETS because so much of the environmental data at 
RFETS is in the form of ArcView coverages It also makes MIKE SHE a strong planning 
tool in its own right 

A 4 Potential additional modules 

Additional modules for MIKE SHE and MIKE 11 have been developed and are available 
from DHI When installed they create optional program switches that can be turned on 
and off to include or exdude specific processes or effects While it is not planned to use 
these for the S W B  project they illustrate potential applications of the final model 
outside of the SWWB and additional functionality of the MIKE SHE group of codes For 
example modules are available to simulate parttcle tracking in all hydrologic zones (I e 
groundwater unsaturated zone and surface flows) chemical transport 
(advectioddispersion) water quality associated with surface flows geochemistry 
(PHREEQC based equilibrium model) sorptton and degradation A bnef summary of 
some potentially useful modules follows 

A 4 1 Advection/dispersion (AD) module 

Based on the flows computed by MIKE SHE WM the MIKE SHE AD module simulates 
distributed concentrations of dissolved speaes in overland flow rivers the unsaturated 
zone and groundwater In integrated studies this module accounts for the migration of 
contaminants from surface water to subsurface water or wce versa It is possible to 
include vanous types of point or area chemical impact sources with a fixed or trme 
varying chemical load in the model The advecboddispersion equation is solved by an 
explicit scheme (QUICKEST) A simpler alternative to performing full transport 
simulations is the application of the parkletracking module (MIKE SHE PT) 

A 4  
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A 4 2 Geochemistry (GM) and biomass (BM) modules 

The geochemistry module (GM) includes equilibnum calculations for the following 
reactions 

e Ion exchange 

e Complexation 

e Mineral precipitation and dissolution and 

e Redox reacbons 

The processes are modeled as equilibnum readons using the PHREEQC program A 
full description of the core program can be found at 
httD llh20 USQS aov/software/ohreeac html 

A related biomass module (BM) which can run simultaneously simulates 
biodegradation (respirabon or fermentation) reacbons for the breakdown of organic 
chemicals The BM module represents the sequential use of electron acceptors 
(oxygen nitrogen iron manganese sulfur and inorganic carbonate) growth of 
microorganisms nutnent availability and environmental limitations (temperature pH 
and other species concentrations) Degradation follows MonodMichaebs Menten 
degradation kinetcs Growth in biomass and in daughter product concentrations is 
accounted for and co-metabolic or inhibited systems can be represented 

A 4 3 Sorptionldegradatron (SD) module 

The SD module includes the following features 

e Water flow and solute transport in both the saturated and unsaturated 
zone 

e Attenuatron retardation and degradahon using the standard advedon 
dispersion equation including decay and sorption 

e Sorption equilibrtum sorption isotherms including linear Freundlich and 
Langmuir and kinetic sorption isotherms 

e Dual porosity sorption (I e macropore effects) 

e Decay biological radioactwe or other are described by a first-order 
degradation process which can be dependent on soil moisture and soil 
temperature and 

e Plant uptake of solutes 

A number of processes relevant for simulating readve solute transport in a Simple 
manner have been included in MIKE SHE These processes include water and solute 
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transport through preferenbal pathways The physically based desmpbon of macropore 
flow assumes a secondary pore domain through which water is routed separately as 
gravity flow but within which chemical exchange with the surrounding bulk (or matnx) 
porosity is possible Sorption of solutes is descnbed by either equilibrium sorption 
isotherms (Linear Freundlich or Langmuir) or kmebc sorption isotherms which can also 
include effects of hysteresis in the sorption process 

In situabons where preferential flow is considered it is possible to distribute the available 
sorption sites unevenly between the soil matrix and the macropore porosity Attenuation 
of solutes is described by exponenbal first order decay influenced by soil temperature 
and soil moisture content Degradation of solutes transported in a macropurous media 
with diffusion from and to the soil matrix may be different in the two domains (e g due to 
differences in oxygen availability) For this situation it is possible to spec@ a different 
half life of the solute for each domain Plant uptake of solutes is desmbed as passive 
transport along the transpirabon stream 

A 4 4 Underground sewer flow (MIKE MOUSE) 

Future modifications include adding features of the MOUSE code to MIKE SHE this is 
expected to be released in the Spring 2001 This will permit pipe flow in sewer lines to 
be simulated simultaneously with MIKE SHE 

A 4 5 Water quality (WQ) module 

The water quality module (WQ) is coupled to the AD module and simulates the reaction 
processes of multi compound systems including the degradation of organic matter the 
photosynthesis and respiration of plants nitrification and the exchange of oxygen wrth 
the atmosphere The mass balance for the parameters involved is calculated for all grid 
points at all time steps using a rabonal extrapolation method in an integrated two-step 
procedure with the AD module A number of addibonal modules have been developed 
describing 

0 BOD DO relabonships 

0 Nitrification 

Bottom vegetation influences 

Sedimentatron and resuspension and 

0 Oxygen consumpbon from reduced chemicals 

Two add on modules are available for the Water Quality Module 

Water Quality Heavy Metals Module (WQHM) and 

0 Eutrophication Module (EU) 
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A 4 6 Sediment transport (ST) module 

The non cohesive sediment transport module (ST) can be used to study the sediment 
transport and morphological conditions in nvers Features indude 

e Five models for the calculation of sediment transport capauty 
o Engelund Hansen 
o Ackers White 
o Engelund Fredsrae 
o Van Rijn and 
o Smart Jaeggi 

e Sediment descnption by an average partrcle sIz8 and standard devlation 

0 of the grain size dishbution 

e Explicit (no feedback with HD) 

e Morphological (with feedback via sediment continuity and bed resistance) 
models and 

Output of sediment transport rates bed level changes resistance 
numbers and dune dimensions 

An add-on module (GST) is available for simulating transport of graded sediments 

A 5 Simplifications 

The authors of MIKE SHE acknowledge that using a physically based distnbuted 
parameter code like MIKE SHE can be very data intensive and computationally complex 
(compared to a code like MODFLOW) As a result they have made a noteworthy effort 
to provide simplifications for the main hydrologic processes simulated - surface water 
unsaturated zone and groundwater flows These simpllfications permit the user to 
develop the integrated model in increasingly more complex stages before full 
implementation For example the groundwater system can be greatly simplified or 
even eliminated from a surface flow simulabon allowing the surface flow details to be 
evaluated without the addittonal complexity of the groundwater system Once a stable 
configuration for the surface flow is established the groundwater system can be 
incorporated In this fashion numencal instabilities caused by poorly constrained 
conceptual models or initial parametenzations can be reduced The ability to avoid such 
instabilities can save considerable calibration and sunulation hme 

A 6 Limitations 

Resolution may be limited due to computatmnal ineffiaency The result may 
be to increase model cell size 

I 
I If 
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Numencal instabilitres may limit the ability to simulate ce&in dynamic 
conditions 

The unsaturated zone assumption of one-dimensional flow may be limitmg 
along steep slopes or near the edge of paved areas or structures 

Some simplifications are not available (e g the Green Ampt solution) 

Snowmelt IS treated relatrvely simply and 

The code is relatrvely expensive (about $10 000) compared with more famillar 
less sophistrcated groundwater codes 
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